Background-Myocardial infarction (MI) is a leading cause of death globally, but specific genetic variants that influence MI and MI risk factors have not been assessed on a global basis. Methods and Results-We included 8795 individuals of European, South Asian, Arab, Iranian, and Nepalese origin from the INTERHEART case-control study that genotyped 1536 single-nucleotide polymorphisms (SNPs) from 103 genes. One hundred and two SNPs were nominally associated with MI, but the statistical significance did not remain after adjustment for multiple testing. A subset of 940 SNPs from 69 genes were tested against MI risk factors. One hundred and sixty-three SNPs were nominally associated with a MI risk factor and 13 remained significant after adjusting for multiple testing. Of these 13, 11 were associated with apolipoprotein (Apo) B/A1 levels: 8 SNPs from 3 genes were associated with Apo B, and 3 cholesteryl ester transfer protein SNPs were associated with Apo A1. Seven of 8 of the SNPs associated with Apo B levels were nominally associated with MI (PϽ0.05), whereas none of the 3 cholesteryl ester transfer protein SNPs were associated with MI (PՆ0.17). Of the 3 SNPs most significantly associated with MI, rs7412, which defines the Apo E2 isoform, was associated with both a lower Apo B/A1 ratio (Pϭ1.0ϫ10
could act on their own, or in combination with other genetic or lifestyle factors. Genetic variants that influence these risk factors may also be associated with MI. 5, 6 Recent studies that have identified genetic associations with MI and MI risk factors have largely been conducted among whites. 5, 7 However, whether these findings can be extended to other ethnic groups remain to be demonstrated. In fact, the recent association between chromosome 9 variants and CHD, which was observed in whites, was not replicated in AfricanAmericans. 8 In addition, single-nucleotide polymorphisms (SNPs) in some lipid-related genes seem to be strongly associated with plasma lipids 5,9,10 but inconsistently with heart disease. 5, 10 To address these questions, we performed a study of 103 genes known or suspected to influence MI or MI risk factors (intermediate phenotypes) in 5 ethnic groups from the INTERHEART study.
Methods

Subjects
INTERHEART was a standardized case-control study of acute MI from 262 centers in 52 countries. Twelve thousands four hundred sixty-one cases and 14 637 controls were enrolled between February 1999 and March 2003. 3 Women and men were recruited in Asia, Europe, the Middle East, Africa, Australia, North America, and South America. The study protocol was approved by the ethics committees in all participating centers and all participants provided informed consent. The details of selection, exclusion, and baseline characteristics have been previously reported. 3 Briefly, cases of incident acute MI, presenting to a hospital within 24 hours of symptom onset, were age-(Ϯ5 years) and sex-matched with controls who were hospital-or community-based individuals with no previous diagnosis of heart disease or history of exertional chest pain. Information about demographic factors, lifestyle (smoking, leisure time physical activity, and dietary patterns), personal and family history of cardiovascular disease, and risk factors (hypertension, diabetes, and psychosocial factors) was obtained using structured questionnaires administered by study personnel. Description of the measurement techniques have been previously published. 3, 11 
Blood and DNA Samples
Nonfasting blood samples (20 mL) were drawn and centrifuged within 2 hours of admission, and frozen immediately. Blood was drawn from cases within 24 hours of symptom onset. Samples were shipped in nitrogen vapor tanks to a central blood storage site and stored in liquid nitrogen. In this study, samples from all countries were analyzed at the Clinical Trials and Clinical Research Laboratory at the Hamilton General Hospital, Hamilton Health Sciences for Apo B and Apo A1 using previously reported methods. 3, 4 DNA was extracted from buffy coats at the Clinical Trials and Clinical Research Laboratory and at the McGill University and Génome Québec Innovation Centre in Montreal using the same DNA extraction method (Gentra Instruments, Minneapolis, Minn).
Selection of Genes and SNPs
The selection criteria for genes and SNPs has been previously published. 12 Briefly, genes were selected for this panel if (1) there was a published genetic association with MI or one of the INTERHEART risk factors or (2) they belonged to biochemical pathways involved in the etiology of MI or an intermediate phenotype. Three classes of SNPs were included (1) tagging SNPs for each gene (Ϯ10 kb of the gene to include possible regulatory regions) were selected using the software "linkage disequilibrium (LD)-select" 13 on 3 HapMap populations (Chinese, Yoruban, and white), 14 (2) 
Genotyping
Genotypes were produced using the Illumina GoldenGate technology 15 and the BeadStudio software package. Some SNPs (nϭ61) were genotyped on the Sequenom platform (iPLEX Gold Assay, Sequenom, Cambridge, Mass) described in Ehrich et al. 16 Successful assays (genotypes called for Ͼ90% of samples) were generated for Ͼ95% of the SNPs attempted on Illumina and for Ͼ84% of the SNPs attempted on Sequenom. The reproducibility was 99.9% for the Illumina panel and 99.8% for the Sequenom panel. Of the 1536 SNPs on the panel, 14 failed our quality control tests. From the remaining 1522 SNPs, 162 were excluded because they were not polymorphic in all ethnic groups, and 36 SNPs did not pass Hardy Weinberg equilibrium using the permutation version of the exact test after 10 000 permutations. 17 A SNP was rejected if it did not pass Hardy Weinberg equilibrium in the controls of any 1 of the 5 ethnic groups (PϽ0.001). This yielded a total of 1324 SNPs that were tested directly against MI, and 940 SNPs that were tested against at least 1 of 8 intermediate phenotypes (Table 1) . Blood samples were available for 21 508 (79%) of the 27 098 INTERHEART cases and controls (16 353 men and 5155 women). We selected the 3 ethnicities with the greatest amount of available DNA to be genotyped: European, South Asian, and Arab (9751 cases and controls).
Quality Control, Assessment of Population Structure, and Matching
We used the program STRUCTURE 18 to infer relative ancestry from genotype data, and we determined that the Nepalese (initially classified as South Asians) and Iranian (initially classified as Arabs) samples should be treated as distinct ethnic groups. 14 In addition, we identified individuals for whom the genetically inferred ancestry did not correlate with self-reported ethnicity and these 104 individuals (1.2%) were excluded. After exclusion of samples with a selfreported ethnicity different from the STRUCTURE analysis and other problematic samples (duplicates, first degree relatives, etc), 8795 cases and controls were available for this study. For association tests with MI, cases and controls were matched 1:1 for sex, age (Ϯ5 years), and ethnicity. We thus excluded 20 cases where no appropriate control match existed, and 741 controls where no case matched, resulting in 8034 cases and controls from 5 ethnic groups for MI analysis (Figure 1) .
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Statistical Analysis
All SNPs that were polymorphic in all ethnic groups and that passed the Hardy Weinberg equilibrium test (nϭ1324) were tested for association with acute MI using logistic regression. Both nominal and Bonferonni corrected probability values were calculated. The number of nominal associations for 1324 SNPs expected by chance was calculated using permutations (nϭ1000). Linear regression (adjusting for age, sex, and ethnic group) was used to assess the association between a SNP and quantitative traits (putative intermediate phenotypes), and for categorical outcomes, the per-allele odds ratio (OR) of the minor allele was calculated using logistic regression. A Bonferroni correction for multiple testing was used to determine statistically significant associations with intermediate phenotypes. 19 We updated a recent meta-analysis of Apo E SNPs and MI 20 by adding the INTERHEART data using a random effects model. The consistency of findings across studies was assessed using the I 2 statistic. 21 
Results
Characteristics of this INTERHEART Sample
The 8034 individuals (matched cases and controls) included in this study are of South Asian (nϭ2346), Arab (nϭ1498), European (nϭ3666), Iranian (nϭ402), and Nepalese (nϭ122) origin (Table 2) . Consistent with the total INTERHEART sample, 3 with the exception of alcohol intake, selected risk factors are significantly associated with MI ( Table 2 ).
Association of SNPs With MI and Intermediate Phenotypes
When SNPs were tested directly against acute MI, 102 associations (PϽ0.05) were observed (Supplementary Table  S1 ), although no significant associations with MI remained after correcting for the number of statistical tests. However, the 102 significant associations exceeded the number expected by chance (nϭ61) and in 1000 permutations, 102 or more significant SNPs were observed only 3 times. In addition, 163 SNPs were significantly associated (PϽ0.05) with an intermediate phenotype and of these, 13 remained significant after correction for multiple testing (Tables 1 and  3 ). Eleven of these 13 SNPs were from 4 genes (Apo E, (Table 3) . Collectively these 11 SNPs accounted for 4.3% of the variance of Apo B/A1 levels. Eight of the 11 SNPs associated with the Apo B/A1 ratio were significantly associated with Apo B (in the genes Apo E, LDLR, and Apo B). The CETP SNPs that are associated with the Apo B/A1 ratio were in high LD with each other (r 2 Ͼ0.91) and were significantly associated with ApoA1. Furthermore, 7 of the 8 SNPs associated with Apo B were nominally associated with MI (PϽ0.05) and the eighth one almost reached significance (Pϭ0.06). In contrast, the CETP SNPs that were significantly associated with Apo A1 were not associated with MI (Pϭ0.17 to 0.88) ( Table 3) .
We also observed that 2 SNPs (rs904096 and rs698) from the alcohol dehydrogenase 1C gene were associated with alcohol consumption after correction for 13 tests (PϽ0.0038). The 2 SNPs are in high LD with one another (r 2 Ͼ0.97 for all 5 ethnicities), and were not associated with MI (Table 1) . No other SNPs were associated with intermediate phenotypes after correction for multiple testing (Table 1) .
Specific SNPs
Of the 13 SNPs that were significantly associated with an intermediate phenotype and then tested for association with MI, 3 were significant at the PՅ0.004 level under an additive model ( Table 4 ). The SNP rs7412 (MAF range: 3.7% to 6.8%), which defines the 2 isoform of the APOE gene, had an OR of 0.78 (95% CI: 0.70 to 0.89; Pϭ0.0004). In the LDLR gene the SNP rs1433099 (MAF range: 26.5% to 34.8%), had an OR of 0.90 (95% CI: 0.84 to 0.96; Pϭ0.002) and rs6511720 (MAF range: 2.1% to 14.1%) had an OR of 0.86 (95% CI: 0.77 to 0.95; Pϭ0.004). These 2 SNPs were not in significant LD with each other. After adjustment for Apo B/A1 levels, the LDLR SNP rs1433099 remained independently associated with MI (Pϭ0.0065) as well as after adjustment for all 9 INTERHEART risk factors.
The SNP rs429358 that defines the 4 isoform of Apo E, was also associated with the Apo B/A1 ratio (Pϭ1.0ϫ10 Ϫ10 ). We evaluated the association between Apo E isoforms and acute MI by combining the genotypic data from these 2 SNPs (rs7412 and rs429358). The relative frequencies of the isoform classes were consistent across ethnic groups, with the 3 being the most common (66.7% to 79.5%), the 4 accounting for 11.1% to 22%, and the 2 allele being the least common (6.5% to 11.3%) ( Table 5) . Results by genotype are provided in Supplementary Table S2 . The Apo B/A1 ratio increased from 2 carriers to 3 homozygotes to 4 carriers within all major ethnic groups (Supplementary Table S3 ). Plasma Apo B also increased in a stepwise fashion whereas Apo A decreased. When comparing the mean Apo B/A1 ratio among control individuals (2ϭ0.67, 3ϭ0.84, 4ϭ0.90), the overall P for trend was 0.0001. Apo E isoform status accounted for 3.7% of the variance of Apo B, and 2.9% of the variance of the Apo B/A1 ratio, but only 0.3% of the variance of Apo A levels. We observed an approximately linear relationship of Apo E genotypes with MI risk (Figure 2 ). The PAR for the Apo E isoforms considering the graded risk increase from 2 to 3 to E4 is 17.5%. The per genotype class change from 2 to 4 for MI was 1.19 (95% CI: 1.09 to 1.30; Pϭ0.0001), reflecting the odds of MI for 3 versus 2 (1.29; 95% CI: 1.10 to 1.51), and for 4 versus 2, (1.47; 95% CI: 1.22 to 1.76). When adjusted for the Apo B/A1 ratio, the ORs became 20 and the totality of the data supports our findings that the 2 isoform lowers the risk of CAD, whereas the 4 isoform increases the risk of coronary artery disease (Figures 3 and 4) . The minor alleles of the two SNPs from the LDLR locus were both associated with a lower risk of MI. The SNP rs6511720 had a MAF of Ϸ10% and its presence was associated with a lower Apo B, a lower Apo B/A1 ratio, as well as a lower risk of MI (ORϭ0.86; 95% CI: 0.77 to 0.95). The PAR associated with the risk allele was 24.2%, however, adjustment for Apo B/A1 nullified the association with MI. The other SNP (rs1433099) was more common (Ϸ30% MAF) and its presence was also associated with lower Apo B, lower Apo B/A1, and a reduced risk of MI (ORϭ0.90; 95% CI: 0.84 to 0.96). The association of rs1433099 remained significant after adjustment for Apo B/A1 and for all 9 INTERHEART risk factors.
The incremental predictive value of the SNP rs1433099 that remained independent of all INTERHEART risk factors was determined by first calculating the PAR of the 9 risk factors on MI (89.6%; 95% CI: 86.4 to 92.2%), and next by adding the LDLR SNP rs1433099 into the model. With this addition, the PAR increased by 1.6% so that the total PAR for the 9 risk factors and rs1433099 on MI was 91.2% (95% CI: 88.3% to 93.8%).
Discussion
Recent genome-wide association studies have produced several robust genetic associations with lipid levels and CHD. 5, 10, 22 Our results are consistent with the results of these recent genomewide association studies of blood lipid levels as 4 of the gene loci we identified to be significantly associated with Apo B/A1 levels (Apo E, Apo B, LDLR, and CETP) were also identified by genome-wide association studies. 5, 10 Interestingly, though we identified 11 SNPs from 4 genes that were strongly associated with the Apo B/A1 ratio (PϽ10 Ϫ5 ) only SNPs from genes associated with Apo B, are significantly associated with MI. The 3 SNPs, which were strongly associated with Apo B/A1 levels but not with MI, were from the CETP gene and had a strong effect on Apo A1.
Some previous large studies have similarly shown strong evidence of association between CETP genotypes and Apo A1 or HDL cholesterol levels, but no corresponding association with MI risk. 5, 23 Our collective findings, raise the question of whether HDL cholesterol as measured by current assays, is a marker or mediator of coronary artery disease. Certain single-gene conditions characterized by low or very low HDL levels have premature coronary artery disease as one of their manifestations (for example Tangier disease, which results from mutations in the ABCA1 gene), whereas others leading to similarly low HDL levels do not (for example ApoA1-Milano). In fact, recent data has shown that HDL particles containing Apo A1-Milano is more effective than HDL containing normal Apo A1 at maintaining endothelial cell homeostasis under stress, due to upregulation of endothelial nitric oxide synthase expression and downregulation of vascular cell adhesion molecule expression. 24 Thus, qualitative differences in the HDL particle, mediated through genetic variability in Apo A1 and other genes, may be as important as quantitative differences in plasma HDL level in determining MI risk.
Our finding that SNPs in the alcohol dehydrogenase 1C gene were associated with alcohol consumption has been Apo E indicates apolipoprotein E; OR, odds ratio; LDLR, low-density lipoprotein receptor. *After adjusting the OR for Apo B/A,1 the P value for rs7412 becomes 0.59, the P value for rs6511720 becomes 0.10. For rs1433099 after adjusting for Apo B/A1, the P value becomes P ϭ 0.0065; OR ϭ 0.91, 95% CI: 0.85 to 0.97, and after adjusting for all 9 risk factors the P value becomes 0.0039, OR ϭ 0.89, 95% CI: 0.83 to 0.96. previously reported. 25 In addition, variants in this gene have also been associated with alcohol dependence 26 and alcoholism, 25 and they are known to display large differences in allele frequency among populations. 27 Genetic variants at this locus have also been identified that interact with alcohol consumption to increase heart disease. 28, 29 However, this finding has not been observed in all studies. 30 We observed that 3 SNPs in 2 lipid metabolism genes were associated with the levels of Apo B/A1 ratio and with acute MI. The association of the Apo E isoforms with MI became Figure 3 . Meta-analysis of Apo E isoforms and CHD risk ʦ2 carriers vs ʦ3/ʦ3 genotype. Assessment of heterogeneity: ʦ2 carriers vs ʦ3/ʦ3 genotype: I 2 ϭ70.4%; PϽ0.0001. Size of data markers indicates the weight of each study in the analysis.
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nonsignificant after adjustment for the Apo B/A1 ratio. Although a similar observation was made for one of the LDLR SNPs (rs6511720), the other one, rs1433099, remained independently associated with acute MI even after adjustment for Apo B/A1, or adjustment for all 9 INTERHEART risk factors. Previous genetic studies of the Apo E 4 isoform have provided evidence that it is significantly associated with increasing concentrations of LDL and Apo B/A1 ratio as well as MI. 23 The 2 isoform, however, has been more controversial with some meta-analyses 31 but not all 20 showing an inverse association with MI. Song et al 31 concluded that 4 was associated with MI risk (ORϭ1.30; 95%: 1.18 to 1.44) but that 2 did not protect against the risk of MI (ORϭ0.95; 95% CI: 0.84 to 1.14) when compared with the common 3 isoform. The more recent meta-analysis by Bennet et al 20 reported that 2 carriers had a 20% lower risk of CHD (95% CI: 10% to 30%) and 4 carriers had a 6% increased risk of CHD (95% CI: Ϫ1% to 13%), which only approached statistical significance. Our study findings agree with the largest previous study among people of European ancestry, the ISIS case-control study that included Ϸ10 000 cases and controls. 23 We also observed that the 4 isoform significantly increased MI risk and the 2 isoform was significantly protective against MI. Addition of the INTERHEART data to the meta-analysis of Bennet et al indicated that 2 carriers have a 20% (95% CI: 11% to 29%) lower risk of CHD when compared with the common 3/3 genotype, and the 4 isoform was associated with a 7% (95% CI: 1% to 13%) increase in CHD which now becomes significant (Figures 3  and 4) . Furthermore, our study demonstrates that Apo E has a substantial impact on MI in multiple ethnic populations; and that the impact of Apo E isoforms can be wholly explained by their impact on the Apo B/A1 ratio.
We observed that 2 common SNPs from the LDLR locus were associated with Apo B/A1 ratio and with acute MI. Rare coding mutations in the LDLR gene cause familial hypercholesterolemia, 32 but these do not explain a high percentage of plasma lipoprotein variation in the general population. Recently some common SNPs in LDLR have been shown to affect lipid levels and coronary artery disease in people of European origin. 5, 10 Our finding that 2 common LDLR variants contribute to the risk of MI highlights the importance of variants of this gene, not just for familial hypercholesterolemia families, but for the general population in multiple ethnicities. Our results for these 2 SNPs in LDLR are likely independent and not due to LD, as the 2 SNPs had an r 2 of only 0.15 to 0.62 in all 5 ethnicities. rs6511720 is in the first intron, a location where regulatory genetic elements, are commonly encountered; and rs1433099 is 32 Kb downstream in the 3Ј UTR, a region known to be important in the regulation of mRNA 33 This study also observed functional variation between the alleles using reporter assays. Contrary to expectation, the allele that led to increased LDL-C levels also had higher mRNA stability (and would therefore be expected to result in increased, rather than decreased, expression of the LDL receptor protein). This is an interesting finding in light of our result of an association with MI that is independent of Apo B levels. However, we cannot rule out LD with another functional SNP, either within LDLR or in a neighboring gene. The minor allele of rs1433099 is common (MAF range: 26.5% to 34.8%) across 5 ethnic groups. The PAR for MI of the 9 INTERHEART risk factors is 89.6%, and the PAR of the 9 risk factors plus rs1433099 is 91.2%, an increase of 1.6%. Of the 9 modifiable risk factors originally defined in the INTERHEART case control study, the Apo B/A1 ratio accounted for most MI. Our current results are consistent with this, as the largest number of significant genetic associations were with the Apo B/A1 ratio. Thus, many of the genetic variants with the greatest influence on MI will most likely be mediated through the risk factors that have been shown to have the strongest effect on MI.
Our analysis using detailed information collected on intermediate phenotypes to explore putative genes has demonstrated the impact of common variants on lipid levels and acute MI in a multiethnic sample. The large size of the multiethnic INTERHEART case-control study enabled us to clearly demonstrate that multiple SNPs that effect Apo B also contribute to MI, whereas CETP SNPs that have a strong effect on Apo A1 are not associated with MI risk. Specifically, we demonstrated that the Apo E 2 isoform, and 2 common LDLR variants (rs1433099 and rs6511720) influence MI risk and 1 LDLR SNP (rs1433099) contributes to MI risk independent of all risk factors, including lipid levels. 
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